ABSTRACT: Predicting the location of gully heads in various environments is an important step towards predicting gully erosion rates. So far, field data collection and modelling of topographic thresholds for gully head development has mainly focused on gullies that formed in forested areas, rangelands, pastures and cropland. Such information for gullies in badlands however is very scarce. Therefore, this paper aims to extend the database on gully head topographical thresholds through data collection in a badland area and to improve the prediction of gully heads forming at sites with a very low erosion resistance value. For this, we chose a badland site located in central Italy that is characterized by biancana forms and both active and dormant gullies. The definition of the conditions under which present-day gully heads developed allowed a better modelling of the gully head threshold equation, with modification of a previous model and the exemplification of how to use the updated model. The model shows that the resistance to gully head retreat depends on slope gradient and drainage area at gully heads, land use at the moment of gully development (as numerically expressed using parameters derived from the Runoff Curve Number method), surface rock fragment cover, presence of joints, pipes, and factors/processes affecting detachment rate. This study attempted to better understand environmental conditions that control the development of gully heads in badlands through a combination of field data collection of gully heads, an analysis of land use changes over 10 centuries, focusing on the period 1820-2005, and land use management through repeat photography and a critical examination of historical documents.
Introduction
Soil erosion processes are major contributors to land degradation and landscape transformations (Lal, 2001; Reusser et al., 2015) . Without exception, deforestation and substitution of forests by cropland or meadows in historical times has led to a dramatic increase in soil erosion rates, favouring gully and landslides development and resulting in hillslope degradation (Morgan, 1979; Turner et al., 1990; Montgomery, 2007) . Gully erosion, defined as the erosion process whereby runoff water accumulates and often recurs in narrow channels and removes the soil from this narrow area to considerable depths over short periods, not only occurs in badlands, on marls, and mountainous or hilly regions but also more globally in soils susceptible to surface sealing and crusting such as loess, sandy and dispersive soils (Kirkby et al., 2003; Poesen et al., 2003) . Most of the time, gullying is triggered by human-related complex processes acting over centuries such as overgrazing, over-cropping, and urbanization . This is evident in the Mediterranean region where gully erosion is often associated with the long-term history of deforestation induced by political and cultural changes, and pressures exerted by agriculture and cattle breeding (García-Ruiz, 2010) .
Gully erosion is a major process of soil erosion and degradation that lowers soil quality on site, modifies hillslope morphology and produces large volumes of sediment that affect downslope areas in various ways Valentin et al., 2005; Vanmaercke et al., 2016) . Gully erosion, being one of the principal processes of soil erosion, will play an important role in the impacts of expected climate and land use changes in the near future (Pelletier et al., 2015) . Predicting where and when gully heads will develop on hillslopes under changing environmental conditions (i.e. climate and land use), and how fast and up-to-where in the landscape these heads will retreat, is a fundamental step to characterize the geomorphological processes acting on a slope and their dynamics.
Studies on gully erosion began in the 1930s (see literature review by Poesen et al., 2011) . Patton and Schumm's (1975) study is the first attempt to model gully head threshold conditions. It was followed by a number of other studies, both theoretical and empirical, such as Stocking (1981) , Montgomery and Dietrich (1988) , Dietrich and Dunne (1993) , Prosser and Abernethy (1996) , Istanbulluoglu et al. (2002) , and Poesen et al. (2003 Poesen et al. ( , 2011 . More ambitious studies on landscape evolution also treat aspects related to gully erosion and gully location (Willgoose et al., 1991; Sidorchuk, 1998; Willgoose, 2005; Tucker, 2010; Tucker and Hancock, 2010; Coulthard et al., 2012 Coulthard et al., , 2013 . These and other studies discussed the topographical threshold for gully head development, which is mathematically represented by a power law linking local soil surface slope gradient and drainage area at the gully head. Torri and Poesen (2014) integrated vegetation and land use into the threshold equation for gully head development, introducing a basic parameter of the Runoff Curve Number model (USDA-NRCS, 2018 ). The analysis conducted by Rossi et al. (2015) showed some of the possible applications of the modified threshold equations. Nevertheless, doubts on the direct applicability of the concepts and modelling of these last two papers arise as the same parameters were found to be not significantly linked to gully growth rate (Vanmaercke et al., 2016) .
The review by Torri and Poesen (2014) revealed that no data on gully head thresholds for badlands exist. Badlands are known for their high susceptibility to rill and gully erosion, particularly in more humid environments, such as in large parts of Italy (Torri et al., 2013; Vergari et al., 2013) , parts of Spain (Gallart et al., 2002; Nadal-Romero et al., 2011) and India (Ranga et al., 2016) . As lithology controls the threshold value, studies of gully heads in badlands could help to better understand and parameterize the lithology factor which, in the current version of the Torri and Poesen (2014) model, is only reflected in a rock fragment cover factor (RFC) whereas all the remaining effects of soils (and lithology) are assumed to be incorporated in the hydrologic soil group component of the Runoff Curve Number model (USDA-NRCS, 2018). Rossi et al. (2015) expanded on the problem of bias of the traditional methodology for calculating local threshold equation parameters. They demonstrated the importance of the spatial distribution of different land use types and vegetation cover in the runoff-contributing area on the location of the gully head. Montgomery and Dietrich (1994) described gully head thresholds for rainfall-excess surface runoff through the following equation:
where γ is the local gradient (radians) of the soil surface close to the gully head, b varies from 0.4 for turbulent flow conditions to higher values for laminar flow conditions. k reflects the resistance of the site to gully head incision (i.e. both the local resistance to concentrated flow erosion and the rainfall excess runoff production). The review by Torri and Poesen (2014) produced k values for gully heads formed by rainfall excess runoff. This resulted in the following equation:
where the value 0.4 of the area exponent (A, ha) corresponds to turbulent runoff conditions; c represents all factors that may influence k but could only be identified for a few cases (to be further developed than a single value, e.g. for gully heads forming on joints); RFC is rock fragment cover (fraction); S 0.05 (mm) is the potential rainfall subtraction to runoff (Runoff Curve Number Method, see Hawkins et al., 2009; USDA-NRCS, 2018 ; and the summary compilation by Torri and Poesen, 2014) . Equation (2) needs to be further developed because it is based on literature data that usually only allow rough estimates of S 0.05 . This could be done using additional field data on gully thresholds, possibly collected in different environmental conditions, with sufficient boundary data, such as knowledge of the local processes controlling gully formation and gully head retreat and a good description of the land use around the period when the observed gully heads developed (possibly the land use history covering some years, in order to allow some time for the land use to express most of its effects on runoff production and erosivity and on soil characteristics). Expressing explicitly the land use factor in Equation (2) calls for a good understanding of the land use at the moment of gully head formation. As shown by Ballesteros Cánovas et al. (2017) the history of the area is important to better understand the actual processes of rill and gully erosion, while dormant gullies may have formed under different conditions than the present ones (Vanwalleghem et al., 2003) .
The importance of Equation (2) consists in the fact that it can predict gully head threshold values and its location in the landscape. For example, from Equation (2) and the field data summarized by Torri and Poesen (2014 , Table I ) one should expect very low gully resistance values (k) for subhumid bare badlands (low S 0.05 -values for scarcely vegetated rangeland, usually on soil of the hydrologic soil group D). As this dataset comprises only few field data corresponding to low gully resistance values (mainly for gullies that form in cropland, i.e. ephemeral gullies, which may behave somewhat differently from permanent gullies), adding values from an untilled degraded area, will also expand our insights into the resistance of land to gully erosion.
Therefore, this paper aims: (1) to extend the database on gully head thresholds through field observations on gully head characteristics in a badland area; (2) to predict gully heads forming at sites with a very low resistance value and discuss how to model this; (3) to discuss and clarify the introduction of a land use and vegetation factor into the threshold equation; and (4) to evaluate the importance of other factors, which are presently grouped under the factor c in the threshold equation.
Materials and Methods

Study area
The selected area is located in the residual biancana badlands within the Site of Community Importance (SCI) IT5190004-Crete di Camposodo e Leonina (Figure 1, centroid at 43°17'38.10"N, 11°26'53.93"E, EPSG: 4326) , just north of the Leonina residential site. Figures 1, 2 , and 3 show the location of the study site, some characteristics of the biancanas and the badland areas as they were in 1954 and in 2017.
The climate varies between subhumid and subarid (transitional between Cfa and Csa, Köppen climate classification), with a summer soil water deficit that can easily attain 300 mm. Mean monthly summer temperature is 23-25°C while January has an average of 4-7°C. Total annual precipitation is 650-750 mm, with a major peak in October-December and a secondary peak in Spring (Barazzuoli et al., 1993) . The parent material on which the badlands developed are marls of PliocenePleistocene age, usually not cemented, overconsolidated, and crossed by a very dense network of joints having orientations subparallel and perpendicular to the main axis of the Apennines (Colica and Guasparri, 1990) . Desiccation cracks and slow mass movements locally deform the regular joint pattern. High exchangeable sodium content makes the material dispersive (Calzolari et al., 1993; Bierbaß et al., 2014) . This favours erosion through the formation of rills, gullies, pipes, and mass movements, eventually producing badlands.
The final and typical morphology of the biancana badlands is a cascade of small domes/hummocks (each of which represents what is called a biancana (Calzolari and Ungaro, 1998) ), with a maximum diameter at the base ranging between 2 and 15 m, often protruding 2 to 10 m above gently sloping micropediments (Figure 2) . Micropediments, in turn, might be absent or extend up to 10-l5 m downslope of the eroded hummocks. The tallest biancana domes in Leonina may protrude more than 15 m above the pediment, while the basal diameter is larger than 20 m. Eroding pipes and rills are the main drainage lines on the bare eroded biancana slopes, while erosion and sedimention episodes alternate on the pediment. The largest gullies develop between biancanas, sometimes retreating inside the biancana slopes. Burrowing animals (e.g. porcupines) contribute to pipe erosion by enlarging pipes, while ungulates create preferential tracks that contribute to rills and gully erosion. Pipe inlets and soil collapses make the biancana landscape resemble a miniature karst landscape. Torri et al. (2013) describe the biancana badlands in more detail, suggesting a possible genesis and development, while more information about biancana badlands and erosion rates can be found in Raglione et al. (1980) , Alexander (1982) , Torri et al. (1994) , Calzolari and Ungaro (1998) , Ciccacci et al. (2003) , Della Seta et al. (2007 and Vergari et al. (2013) .
Badland soils are entisols and inceptisols. It is possible to distinguish a first horizon, which is a few cm thick in stabilized pediments, deeper at the foot of north-exposed biancana slopes and in landslide deposits (20-30 cm). Fully expressed soils (vertisols), deeper than 50 cm, can be found on very few spots, on local biancana tops, remnants of the soil surface that preceded the biancana formation. Alterite (saprolite) characterizes the eroded sites and micropediments. The A horizons are often not dispersive because sodium is leached during the first stages of pedogenesis, while porosity increases (Calzolari et al., 1993; Torri et al., 2002; Bierbaß et al., 2014) especially when vegetation is present. Nevertheless, aggregate stability is usually poor (Torri et al., 2002) .
In the past, these badlands occupied a large fraction of the Crete Senesi, Valdorcia and the Volterra area (central-southern part of Tuscany). Figure 3 shows the dramatic decrease in size of the badlands in the SCI due to the adoption of land levelling as a reclamation technique when the European Common Agricultural Practices favoured land reclamation for expanding the cropland. While until the 1940s badlands were substantially bare, later, after a period of abandonment (war first and then industrialization), followed by the return of a more modern agriculture, with different management techniques, they were finally protected for conservation of the disappearing biancana landscape and the biodiversity it hosts. The present land use of the biancana badlands is semi-natural vegetation in a biodiversity protected area (Figure 1-3 , see also at https://www. protectedplanet.net/crete-di-camposodo-e-crete-di-leonina-siteof-community-importance-habitats-directive).Hence, the badlands consist of bare spots inside semi-natural grassland, grassland with brush, and scrubland. The biancana environment supports endemic species such as Artemisia caerulescens subsp. cretacea and several plant communities of conservation interest (Chiarucci et al., 1995) , such as Bromus erectus grasslands, which are habitats of European concern (Festuco- Brometalia priority habitats; European Commission, 1992) . This land cover is not the one under which the badlands (and gullies) formed. The biancana badlands were most probably used as grazing land (rangeland) during the 19th and part of the 20th century (Amici et al., 2017) . With the increase of vegetation cover and the elimination of grazing, erosion rates were strongly reduced and most of the gully channels and heads stabilized, similar to reports from many other studies, such as Wilkinson et al. (2018) in the quite different environment of the Upper Burdekin catchment (Queensland, Australia).
Land use and land use history reconstruction
Detecting the direction and the rate of land use changes during the last centuries, and reconstructing the land use under which the presently recognizable gully heads were formed, was investigated by comparing historical documents. Four historical image datasets were compared, each corresponding to one of four dates: (i) 1820 (The Leopold cadastre or Catasto Leopoldino, a geometrical parcel land register created for the Dukedome of Tuscany between 1820 and 1829, which consists of the Community Land Register Samples, the Guide  Tables with the land (reference land use map derived by applying a semi-automatic digitizing process, segmentation based on the extraction of linear elements from the Technical Regional Map, and manual photo interpretation of panchromatic digital ortophoto). The land use types were identified and classified for all historical images. The classification scheme adopted for all the land use maps is the CORINE Land Cover (Level III) classification scheme (Bossard et al., 2000) . Land use change analyses were made in an open source GIS environment (QGIS Development Team, 2014) . Images were overlaid, and cross-classified, eventually analysed through tabulate intersection. Further insight to these methods can be found in Amici et al. (2017) .
Comparison between historical photos and present-day landscape photos was made following the methodology described by Nyssen et al. (2009 Nyssen et al. ( , 2014 . Old photos were examined in order to detect elements that may still be in place, such as the horizon line, old buildings and building characteristics, roads. The chosen elements were then searched in the present panorama. When possible candidates were found, their relative positions were compared from different angles of view until the view as shown in the historical photo was matched by the new one (i.e. the relative positions of the elements as seen from the candidate spot and the photo coincided).
Field measurements of gully head characteristics
In July 2015, 50 gully heads were selected based on a critical channel cross-sectional area of 929 cm 2 (square foot criterion, Poesen et al., 2003) . The channel cross-section was measured using a series of equally spaced (c. 10 cm) channel depths, averaging them and multiplying them by the upper width (Figure 2(b) ). The cross-section closer to the 929 cm 2 was then chosen. Local slope gradient of the soil surface was measured near to but outside the gully channel. Next, the drainage area upslope of the selected channel cross-section was mapped based on visible flow-lines and microtopographic features. This area was easy to define when the drainage area consisted of bare soil surface on active gullies. It was more uncertain when the drainage area consisted of vegetated surfaces on dormant gullies, where flow and erosion features were less clear. We consequently excluded from the dataset the gully heads whose catchment delineation was uncertain. Each channel crosssection was georeferenced, as well as the drainage area perimeter, using a Leica GNSS/GIS Handheld Zeno 15, having a high performance submeter GNSS sensor and supporting RTK (Real Time Kinematic) corrections with a horizontal decimetric accuracy (DGPS<0.3 m) for high-accuracy mapping in real-time.
Data elaboration
Statistics were calculated using the R-software (R Core Team, 2015) .
Results
Past and present land use
In order to better understand the land use conditions during which rills and gullies formed in the study area, a historical reconstruction of land use was made using a cartographic database prepared by Amici et al. (2017) , who studied the land use changes in an area, including the Leonina site, from1820 to 2005. As discussed in the next section, the land use was impacted by expanding badlands until the farmers were capable of removing the erosion scars and level most of the badlands. It can be noted that while badlands were wiped away, here and there erosive processes produced modest badland increases (see Figure 4 (a); Maccherini et al., 2011) .
Examining the land use reported in the Catasto Leopoldino (1820-1929) it appears that no bare eroded soil (badlands) was present at that time, unless classified under some conventional land use such as pasture. Figure 4(b) shows the 1820 land use map of the whole SCI. The perimeter of the 1954-badlands is overlaid in order to show that badlands coincided with both grazing land and cropland of the 1820 land use. Unfortunately, pasture, rangeland and biancana sites all went under names which were indifferently applied to the sites without a clear relation to the actual soil/surface situation as it is shown by the land terrier (cabreo) produced by Razzi (1763) . The land terrier depicts a series of farms with pastures and rangeland often associated with biancanas and gullies. Hence, the 1820 land use is not a reliable source for identifying existing biancanas. Nevertheless, comparing the 1820 land use with the 1954 extension of the Leonina biancana badlands provides an indication of the landscape degradation.
Figure 4(a) shows the modification of badlands between 1954 and 2005 due to levelling by bulldozers. The change matrix (Table I) , taking the year 1954 as a chronological reference (since this is the period closer to the greatest expansion of the badlands), allows highlighting the dynamics of the badlands (the land use they had in 1820) and their subsequent transformation (land use in 1978 and 2005) . The data show that around 1820 the 1954 badlands were mostly classified as crops and pastures, while in the more recent decades the badland area was drastically reduced by 42% in 1978 and 76% in 2005, compared with the area they occupied in 1954, by land levelling using bulldozers within the framework of the European Common Agricultural policies.
Pictures of the Leonina badlands, shown in a paper by Stefanini (1914) , are consistent with the 1954 biancana badlands extension and depict quite large and tall biancanas where currently there is cropland.
The area of the Crete Senesi (i.e. Siena's clay land), extending over the hills south of Siena to the Orcia valley, was already characterized by erosion features in historical times, particularly close to the town of Asciano as shown in some of the documents discussed by Piccinni (1982 Piccinni ( , 1993 and Ginatempo (1988) relative to the period 1300-1500. Repetti (1833) , describing the area of the Asciano Community (which includes Leonina), reports a rough, often bare clayey territory rich in 'gibbose dune' and marine fossils. Hence biancanas were already present in the 1840s.
Regarding land use, the area around Leonina was used as cropland already in the 10th century as it was a Curtis, i.e. a centre born around buildings constructed to collect and keep harvested products such as small grains, legumes, and seeds produced in the nearby area (Cammarosano and Passeri, 2006; Brogi, personal communication, June 01, 2017) . This suggests a dominant cropland land use in the area. More recent documents, discussed in Giorgetti (1983) and Piccinni (1982) , testify a noticeable contraction of cropland and expansion of pasture in the XV, XVI and XVII centuries. The 1820 land use for the same area shows that pasture occupied an important fraction of the region.
Badland contractions started before the 1954 photos. Towards the end of the 19th century, Bandini (1881) and the Georgofili Academy, were asking coordinated remediation activity and badland reclamation of the Crete Senesi and the Orcia valley, because soil erosion was severely limiting land use practices and agricultural production. During the 1920-1940 period (but some earlier attempts already began around 1890), part of the biancanas and small gullies were converted into cropland. This was achieved using explosives to destroy and level biancana domes and divides. Blasted clay blocks were further reduced in size and redistributed by hoeing/tilling. This process is exemplified by a photo made between 1920 and 1930, of an area located 1 km north of Leonina, in the Camposodo protected area ( Figure 5 ). The topographic profiles of the hills and the villa in the background allowed the position of our photos to be determined. Traces of the biancanas and of the gullies can still be seen in the more recent images of GoogleEarth (43°19 0 1.00 00 N, 11°27'45.58"E, EPSG: 4326). From the analysis of historical documents, it can be concluded that the severely eroded land (badland) was used as pasture (actually a very degraded one). The official publication of the farmer's association for the reclamation of the Orcia Valley (FAROV, 1934) states that the areas affected by biancanas, calancos, and those defined as fallow were used for pasture (mainly ovine Giorgetti, 2010) was normally living in the grazing land (rangeland), without any stabulation, and had eating habits similar to goats: i.e. they used to eat grass as well as brush and tree leaves, green branches and sprouts, including the quite aromatic pioneering brush Artemisia caerulescens subsp. cretacea (http://www.assonapa.it/norme_ ecc/OVINI-RA_Standard_WEB/Pecora%20dell'Amiata%20-Standard.htm).Grazingflocks also included goats (Repetti, 1833) . This is a continuation of medieval habits, as described by Piccinni (1982 Piccinni ( , 2006 .
Interviewing local older people, particularly Vincenzo De Dominicis (retired professor of botany at the University of Siena), confirmed that the biancana badlands were used as pasture, with burning of grass and shrubs at the end of summer in order to maintain the dominance of herbaceous species, more palatable to sheep. This description fits well with scenes of the movie 'Brancaleone alle Crociate' partly filmed in the Leonina badlands in 1968-1969 (Mario Monicelli director, first broadcast in 1970, https://en.wikipedia.org/wiki/Brancaleone_ at_the_Crusades).Brown/black patches of burnt vegetation are visible in the film scenes, together with a few patches of grass, the pioneering Artemisia caerulescens subsp. cretacea, and very few shrubs.
Slope-area threshold relationships for gully heads in badlands
The field survey showed that the largest gullies developed between biancanas. They are presently covered by vegetation. Smaller gullies are active on bare pediments and bare biancana slopes. The measured characteristics of the 50 gully heads are summarized in Table II and shown in Figure 6 . Vegetated gullies typically have smaller gradients, larger drainage areas, and larger channel cross-sections at the gully heads. shows the variability of different geometrical and cover parameters of the gullies developed on biancana slopes (solid lines) and on vegetated inter-biancana domes. Vegetated gullies are significantly larger (with larger modal and maximum width values) and shallower (with lower modal and maximum depth values) with diversified but generally larger cross-sections that those developed in the biancana slopes. The vegetation cover is clustered either to completely covered (vegetated) or to completely uncovered (bare) gully heads. Vegetated gullies show larger (larger planform areas), more complex (larger modal area/perimeter ratio) and diversified (larger ranges of perimeter and area/perimeter ratio) shapes compared with bare gullies, which occur preferentially on steeper slopes. Figure 7 shows the classical drainage area-slope gradient (double logarithmic) graph for the measured gully heads, subdivided in two groups (b = biancana slope, usually totally bare, and v = inter-biancana vegetated gully heads). Also plotted are the threshold lines for gully head development corresponding to the average values for cropland, rangeland, and degraded pastures (from Torri and Poesen, 2014) . Most data (except six data points) plot below the average threshold line for cropland and the threshold line for degraded grazing areas, well below the average threshold line for rangeland.
The two groups seem to show two different thresholds (lines T_v and T_b) corresponding to two different k-values (Equation (1) where j is the jth observation) for which 1% of the values are smaller. This percentile was chosen because it generally agrees with the criterion used by Torri and Poesen (2014) .
The other morphological characteristics of the gully channel (Table II) , which may be important in gully development, do not seem to play any particular role for the gully head position. Figure 8 shows, through the distribution of the bubble sizes in the area -gradient plane, the irrelevance of the channel crosssectional area and the width-to-depth ratio. For both graphs the bubble sizes are equally distributed over the range of the observed data, which is confirmed by the absence of significant relationships with gradient and drainage area.
Discussion
Land use
From the data presented in the previous paragraph, the evolution of the area is characterized by the dynamics of croplands: first its area increases with population growth and the growing economic power of Siena. It was already cultivated in 900. Deforestation resulted in soil degradation (i.e. increase in floods with adjustment of rivers, management of the river channels and of canals along hillslopes, see Bowsky, 1981) . A sophisticated agricultural system was in place when the black death (1348) and another two or three plague outbursts killed c. 60-70% of the rural population and even more of those living in the towns (Piccinni, 1993 (Piccinni, , 1995 (Piccinni, , 2006 Ginatempo, 1988; Ginatempo and Sandri, 1990) . In the absence of farmers, most of the area was abandoned or used in a more extensive way (pasture). The local population started recovering in 1400 but reached the pre-plague level only in 1990-2000. In Leonina, the population stabilized between 1500 and 1600 (Giorgetti, 1983) at about half the value before the black death. Land use data for the post-1954 period (Table I) , include badland areas but these areas were also used as pasture. During 1950 and 1960 there was an intense depopulation and abandonment of the countryside because of industrialization. After 1990, the process of vegetation encroachment halted soil erosion almost completely.
The land use during which soil erosion started to become a problem was most probably cropland. As pointed out by Torri et al. (1999) , once the rills and ephemeral gullies could not be obliterated by conventional tillage and the field protected from further erosion, the area was converted into pasture (rangeland). This conversion was actually made, independently from erosion, in 1400 because of the strong depopulation produced by the Black Death, from which Siena recovered completely only in 1700. With sheep and goats grazing, the vegetation cover remained low while sheep tracks became common and soil erosion rate increased. This caused the sodium-leached topsoil horizon to disappear and the sodiumrich marine deposits to outcrop, with a further increase in soil erodibility and in erosion rate (Torri et al., 2002) . On this newly exposed surface only salt-tolerant plant species (e.g. Artemisia) could survive and colonize the degraded soils. Moreover, repeated burning, keeping the vegetation in check, contributed to further accelerate soil erosion. All these interacting processes produced the biancana badlands. Measured denudation rates from the biancana badlands show values ranging from 2 to more than 3 cm/a (Alexander, 1982; Torri and Bryan, 1997; Della Seta et al., 2007) . These denudation rates, when compared with the 6-12 m difference in elevation between biancana's pediment and top normally observable in the field, suggest that many biancanas were already present some 250-400 years ago, in agreement with the findings of the historical documentation. Hence, we assume that the studied gully heads formed under the conditions depicted in the 1954 images with some of them becoming 'dormant' at a later time because of vegetation encroachment when grazing was abandoned (Marignani et al., 2008; Maccherini et al., 2011; and, more generally, Vila and Ibanez, 2011) .
The k-value of the biancana badlands
The measured values of k for the badlands (k b , k v ) are among the lowest values ever published in the literature. The k-values for Mediterranean rangelands typically range between 0.05 and 0.11 (Table VI in Torri . This puts badlands (at least the one sampled in this study) among the most susceptible sites for gully erosion, much below values for rangeland and pastures, as shown in Figure 8 . Such low values explain and agree with the very high density of the channel network. A peculiar feature of the results is that the more vegetated sites with gully heads correspond to a lower threshold value than that of the bare sites, i.e. k b = 0.0129 > k v = 0.008. As the soil material is the same and there is no rock fragment cover present, there must be another factor explaining the difference in resistance to gully erosion. The surface soil material for a typical situation of the interbiancana areas is made up of marls (the original marine sediment), remolded by erosion and deposition, and modified by the soil biota, such as cyanobacteria and grass, and by the frequent passing of sheep and goats, pigs and some other wild animals (boars, deer), with production of animal tracks. Hence, rainwater infiltrates through a pore system which is evolving towards the pore system of a developed soil. The soil material on the biancana slopes and pediments, especially where concentrated water flows, has the micropore system of a sedimentary rock that has been recently exposed to weathering (Torri and Bryan, 1997) . In this case, macropores are rare and unstable, and infiltration mainly occurs along long pores oriented parallel to the surface, with rare normal-to-the-surface pores. Hence the rate at which the water front penetrates into the sediment is low and the thickness of the transition layer between the rainwater saturated material and dry or relatively drier material below is very small. Once the soil is saturated, its cohesion falls below 0.5 kPa (Torri et al., 1994) , hence soil particles are easily detached and entrained by surface and subsurface runoff. Just below the depth of the penetrating water front, soil cohesion rises to 5-10 kPa or even more (see Torri et al., 2013) . Hence water cannot erode the not-yet saturated cohesive sediment, as empirically demonstrated by Torri et al. (1994) . This process slows down erosion rate on the biancana slopes, mimicking the behavior of a soil with a larger resistance to erosion. Grain detachment rate by runoff is consequently a detachment limited process when runoff is concentrated in rills, pipes and gullies. A possible estimation of such a factor can be made based on the difference of erosion rates that Torri et al. (1994) measured during runoff experiments that they conducted in a hydraulic flume using undisturbed, poorly-weathered marl samples, and undisturbed very weathered biancana samples. The ratio between the two observed soil detachment rates (weathered sample: 32 g/min/cm 2 ; unweathered sample: 9 g/min/cm 2 ) equals 3.55 which can be used as a multiplier for the estimation of k b based on S 0.05 and other known subfactors (see Equation (2)). One can now add a c-factor which reflects the effects of processes that limit the soil detachment capacity of runoff. In this case, it is the velocity at which the water front penetrates and saturates the badland material to put an upper limit to detachment rate.
Adaptation of Torri and Poesen's (2014) gully head model
Before discussing the threshold values obtained for the Leonina gullies we need to examine a shortcoming of the equation for the threshold value k proposed by Torri and Poesen (2014) . The equation is: This equation may be rewritten as:
Equation (2) cannot properly evaluate very erodible situations such as bare slopes along roads, exposed bedrock, and badlands because these situations have S 0.05 -values lower than 30. Hence, we need to substitute this equation by another function possibly passing through the origin or even intercepting the k-axis (see Figure 9 ) at a very small but positive k-value. This positive value is expected, as each soil, even in its most erodible state, offers a minimum resistance to erosion by concen- Figure 9 . Relation between the potential rainfall subtraction to runoff (S 0.05; Runoff Curve Number Method) and the resistance to gully head formation, k (from Torri and Poesen, 2014 and the two values for the Leonina gully heads). Also shown are the old (Equation (4.2)) and the new (Equation (5) (Brunori et al., 1989; Poesen, 1992) . Therefore, one can use all the data (56) used by Torri and Poesen (2014) and define a new interpolating equation (Figure 5 ). An exponential curve, asymptotically turning into a straight line, best interpolates these data. This curve can be described by an equation of the form:
with the parameter values reported in Table III , and the empirical data shown in Figure 9 . Attempts to add an intercept failed as this strongly increased the rejection probability for the coefficients to differ from zero. Note that Equation (4) does not contain the rock fragment cover (RFC) effect nor any c-factor. In order to use the rock fragment cover correction, we need to re-calculate it. Here, following Torri and Poesen (2014) , one needs to interpolate the few data for which an estimation of rock fragment cover (RFC) is available, i.e. the data reported by Vandekerckhove et al. (1998 Vandekerckhove et al. ( , 2000 . This subset contains nine data points corresponding to nine gully head threshold datasets for different Mediterranean environments (see Figure 10) . We added the datum for gully heads measured in the loess belt of Belgium by Nachtergaele et al. (2001) because here RFC is negligible, and because the critical channel cross-section criterion used in this study to define gully heads was the same as that used in the studies conducted by Vandekerckhove et al. (1998 Vandekerckhove et al. ( , 2000 . Figure 9 shows the data expressed in the ordinate axis as the ratio between the observed k-value and the k-value calculated using Equation (4). The rock fragment correction factor (R RFC ) is given by the following equation, while the analysis is given in Table III :
Adding Equation (5) to Equation (4), we obtain the new Equation (6), which replaces the original Torri and Poesen's (2014) RFC-values need to be fairly high (> 0.5%) to show a substantial effect on k-values. At its maximum RFC seems to increase the k-value up to almost 3 times.
Estimating S 0.05 from literature data One can now estimate k-values for the two biancana situations (inter-biancana and biancana slope gully heads). Table IV summarizes the S 0.05 -values, calculated for intermediate antecedent moisture conditions on the basis of the CN tables, and runoff-plot data studied in Ethiopia by Descheemaeker et al. (2008) . Differences between the two groups of data are evidently large and the data for rangelands, reported by Descheemaeker et al. (2008) widen the range towards lower S 0.05 -values.
The CN data reported by Descheemaeker et al. (2008) are also controlled by vegetation cover (C C ) which allows one to establish the relation: Here we report only two equations corresponding to land use types in our study area with a hydrologic soil group D:
Herbaceous vegetation : CN ¼ 95 À 11:5C c (7:2) Pasture; rangeland; annual grass : CN ¼ 91 À 13C c (7:3)
An estimation of the vegetation cover was made by Maccherini et al. (2011) using the 1954 air photos. They recognized three cover types within the biancana badlands (Leonina and Camposodo and Lucciola Bella protected sites): bare soil with low vegetation cover; sparsely vegetated soil; and grasslands/brushland. The average vegetation cover is c. 53%. This value corresponds to the maximum annual cover in 1954 as the air photos were made in late spring. These data allow one to use Equation (7.2) and (7.3) to calculate CN and finally the S 0.05 -values, shown in Table V , following the rules given in Table VI .
Before examining the various options offered by the data shown in Table IV , we need to show how we obtained the various values. For this, one needs to address the various variables expressed in Equation (6). We define the land-use/ vegetation correction factor (LUV) as follows:
The various ways for calculating CN and S 0.05 result in a series of different LUV values reported in Table VII . The factor c in Equation (6) usually equals 1 unless there are good reasons for assuming a different value. The study by Parkner et al. (2006) suggests that the presence of joints may weaken the structure of the surface material and therefore facilitate the formation of gullies. In this case, one can use as a c-value the ratio between the measured k in the absence of joints (0.1 < k <0.11 ha 0.4 ) and the k-value in the presence of joints (0.8 ha 0.4 ) (see Torri and Poesen, 2014 for estimations based on data by Parkner et al., 2006) . A possible c joint factor is then c joint =0.76 (note that c joint is dimensionless). As discussed earlier, another c-factor must be considered due to soil detachment-limiting processes, namely c dlim = 3.55 (low water-front penetration rate into the marls) but this factor only plays a role on the bare biancana slopes. The absence of rock fragments corresponds to a RFC-value of 0.8 (Equation (5)) as the rock fragment cover exceeded zero in most of the gullies selected for the regression of Equation (4).
An additional correction for k may be due to piping as observed in Belgium by Verachtert et al. (2010) for which Torri and Poesen (2014) estimated a correction factor ranging between 0.1 and 0.4. In the Leonina badlands the pipes are in a different relation with gullies than in the Belgian case. At the Leonina site, pipes and rills compete for the same runoff water, the material (marl) is the same and linear erosion is at the same time a pipe and a rill as the two alternate very frequently along a flowline (Torri et al., 1994 (Torri et al., , 2013 Torri and Bryan, 1997) making the two erosion forms as two results of the same (erosion) process. When the size is approaching gully dimensions, then the erosion feature is described as 'surface erosion' and pipes are just tributaries of the gullies. Therefore, no correction for piping must be applied for the gullies formed at the Leonina site.
All the calculations for k b and k v are reported in Table VII , based on the S 0.05 values of Table V. The ratio between the observed and the calculated gully resistance values (k) should equal 1 or be close to unity. The set of S 0.05 values that produce k-values close to unity is the one corresponding to CN values calculated using the relation by Branson et al. (1981) for herbaceous cover, which produces a CN=95 for bare soil. The only alternative S 0.05 values to this is that corresponding to the USDA-NRCS (2018) table. As burning of vegetation was done regularly to eliminate bush, herbs were probably the predominant type of cover during autumn which is (and certainly was 80-100 years ago) the period of maximum precipitation.
Towards a general model of gully head threshold
The results obtained so far suggest that it is possible to propose a first model (that still needs improvements and Table V . Values of potential rainfall subtraction to runoff (S 0.05 ) for bare biancana and vegetated inter-biancana slopes. S 0.05 values are derived from the Curve Number (CN) extracted either from USDA-NRCS's (2018) tables or calculated by Equation (7.2) and (7.3) (CN between brackets) for ARC=II following the procedure described in Table VI . When using data from Descheemaeker et al. (2008) The value of potential maximum retention (S 0.05 ,mm) is then used for calculating the resistance factor (k) in the land use and topography threshold equation for gully heads. 2557 GULLY HEAD TOPOGRAPHIC THRESHOLD FOR BADLANDS validation) for assessing the position of the gully heads in the landscape, using a structure similar to the USLE family of models (Wischmeier and Smith, 1978 ; RUSLE2, https://www. ars.usda.gov/ARSUserFiles/60600505/RUSLE/RUSLE2_Science_ Doc.pdf?). Actually Equation (9) can be written as follows: In order to further develop such a model, more and better gully head data for different environmental conditions are needed, with a standard procedure for measuring or calculating the input parameters, such as RFC and the other c-factors.
As a secondary but equally important result, knowledge of the gully head threshold value (k), and of the other factors allows the calculation of S 0.05 , which is important for expanding the database of the Runoff Curve Number model.
Conclusions
This paper confirms that gully head threshold values collected around the world (Torri and Poesen, 2014, Table I ), despite having been collected by different teams, using different methods and different descriptions of what a gully head is and its critical cross-section, is already a good database on which to build a model to predict resistance to gully head development (k-value, Equation (1)). Such a model is coherent enough to forecast successfully where in the range of k-values the gully heads in the biancana badlands would plot.
The land use and vegetation factor (LUV) is well represented by the potential runoff subtraction S 0.05 (CN method). Instead, the form of the function relating S 0.05 to k needed to be changed because the previous one did not allow predictions of k for very small S 0.05 -values. This problem was solved in this study by a new relationship, which predicts k to be zero at S 0.05 = 0 mm. A new rock fragment cover correction (RFC) factor was also developed because small changes in the predictions of k can cause large changes in the residuals, and hamper the use of the previously reported RFC correction factor, which was based on a different interpolation function.
A series of S 0.05 values for poorly managed, overgrazed rangeland were collected from the literature. The values corresponding to the land use under which the present-day gullies developed were chosen on the base of a thorough reconstruction of the land use and management of the biancana badlands, spanning more than 5 centuries. Historical records and land uses, 100 year old photos and scenes of a movie were used to confirm interviews made with local elder people during the last 30 years. Finally, air photos and satellite images were used for exploring landscape changes due to the reclamation of badlands and the final transformation into protected, partly vegetated sites. This allowed reconstruction of the most probable land use for the period of gully head development, valid for both active and dormant gullies observed today.
Three further correction factors were also determined/confirmed for pipe, joint and for one of the process limiting runoff detachment rate, namely the water front penetration rate.
Assessment of the resistance to gully head retreat is important because k varies over around three orders of magnitude. Hence, k remains an important parameter for predicting up to where in a landscape a gully channel can develop. If the local k is small, then adopting land use types that increase the resistance will help reduce further gully erosion. If the area subject to gully erosion is densely populated, the situation can easily become dangerous for the entire ecosystem and for the local population as gully erosion and related processes (landslides, muddy flows and flooding) may cause casualties, and damage private properties and infrastructures. Hence, improving the prediction of k will substantially help: (1) to predict the risk of new gully head formation and related erosion under changing land use; (2) their reclamation and control (e.g. selection of land use types that increase resistance); and (3) the estimation of the potential rainfall subtraction to runoff (S 0.05 , as used in the Runoff Curve Number Method) for situations still not included in the available tables. Hence the core of a model was also proposed, which is simple, based on available field data, and complex, being based on processes that must be recognized as important (and parameterized) by the expert analyzing the field site where gully heads developed.
Concluding, we can state that the resistance of the system soil-land use to gully head development (k) is characterized by a threshold resistance that is described by an almost allinclusive parameter, S 0.05 , derived from the Curve Number methodology. Such a parameter does not include processes such as those related to soil erosion or to geology. Therefore, this study confirmed rock fragment cover, joints, and pipes (when independent from the surficial rill-gully network) among the explanatory variables. These contributing features and processes need to be identified and parameterized in the field in order to improve our understanding of gully head development under various and changing environmental conditions. Table VII . Estimated k-values using Equation (9) for the two groups of badland gully threshold data (k b : bare biancana slopes and k v : vegetated interbiancana areas), based on the S 0.05 (mm) reported in Table V 
